Re-examination of strains formerly assigned to Hyphopichia burtonii, the phylogeny of the genus Hyphopichia, and the description of Hyphopichia pseudoburtonii sp. nov. In a study of the phylogeny of species of five ascomycetous teleomorphic yeast genera, Yamada et al. (1998) showed the isolated position of Hyphopichia in partial 18S and 26S rRNA gene sequence-based phylogenetic trees. Therefore, they proposed to accept this genus. This proposal was supported by phylogenetic analyses using D1/D2 sequences (Kurtzman & Robnett, 1998) . Later, accepting Hyphopichia as a genus isolated from other yeast genera, Kurtzman (2005) demonstrated that five Candida species (C. fennica, C. homilentoma, C. rhagii, C. pseudorhagii and C. gotoi) and also Pichia heimii belong to the Hyphopichia clade, consequently introducing the new combination Hyphopichia heimii. Hyphopichia burtonii, the type species of the genus, is a food spoilage organism and was shown to produce styrene that results in off-flavours in fermenting baking products with a high sugar content and low water activity (Bonjean & Guillaume, 2003) . It has also been isolated from diverse substrates including various food sources (Kurtzman & Fell, 1998) , freshwater sites and plants such as cacti, and it is also associated with beetles or beetle larval substrates (Ganter, 2006) .
The genus Hyphopichia was introduced by Arx & van der Walt (1976) to accommodate the mycelial yeast species, Pichia burtonii. This heterothallic species is characterized by formation of asci from conjugating yeast cells and by formation of septate hyphae and conidia borne on denticles. Arx & van der Walt (1976) excluded P. burtonii from the genus Pichia by the latter features and from the genus Saccharomycopsis by the former character. Kurtzman & Fell (1998) did not accept the reclassification of P. burtonii as various other yeasts and other dimorphic euascomycetes also share these characters.
In a study of the phylogeny of species of five ascomycetous teleomorphic yeast genera, Yamada et al. (1998) showed the isolated position of Hyphopichia in partial 18S and 26S rRNA gene sequence-based phylogenetic trees. Therefore, they proposed to accept this genus. This proposal was supported by phylogenetic analyses using D1/D2 sequences (Kurtzman & Robnett, 1998) . Later, accepting Hyphopichia as a genus isolated from other yeast genera, Kurtzman (2005) demonstrated that five Candida species (C. fennica, C. homilentoma, C. rhagii, C. pseudorhagii and C. gotoi) and also Pichia heimii belong to the Hyphopichia clade, consequently introducing the new combination Hyphopichia heimii. Hyphopichia burtonii, the type species of the genus, is a food spoilage organism and was shown to produce styrene that results in off-flavours in fermenting baking products with a high sugar content and low water activity (Bonjean & Guillaume, 2003) . It has also been isolated from diverse substrates including various food sources (Kurtzman & Fell, 1998) , freshwater sites and plants such as cacti, and it is also associated with beetles or beetle larval substrates (Ganter, 2006) .
In this study, 17 strains previously assigned to H. burtonii, either only on the basis of their molecular characteristics or on the basis of morphological characters, were re-examined phenotypically and phylogenetically. A novel species as well as three distinct groups within the existing Hyphopichia clade are proposed.
The strains studied, their origin and original denomination are listed in Table 1 . DNA was extracted from cultures grown on GPYA medium (4 % glucose, 0.5 % yeast autolysate, 2 % agar) for three days using the FastDNA kit (Bio 101) with the 'FastPrep' Instrument (Q-Biogene). Primers V9G (de Hoog & Gerrits van den Ende, 1998) and LR5 (Vilgalys & Hester, 1990) were used to amplify the partial rRNA gene that includes the D1/D2 domain of the large-subunit rRNA gene as well as the ITS (internal transcribed spacer) domain (ITS1, ITS2 and the intervening 5.8S rRNA) as described by Knutsen et al. (2007) . The PCR products were separated by electrophoresis at 80 V for 40 min on a 0.8 % (w/v) agarose gel containing 0.1 mg ethidium bromide ml 21 in 16 TAE buffer (0.4 M Tris, 0.05 M sodium acetate and 0.01 M EDTA, pH 7.85) and examined under UV light. The amplicons were sequenced in both directions using the primers LR0R (Vilgalys & Hester, 1990) and LR5 for the D1/D2 domain, and the primers V9G and ITS4 (White et al., 1990) for the ITS domain. The BigDye Terminator version 3.1 Cycle Sequencing kit (Applied Biosystems) was used according to the manufacturer's recommendations and the products were analysed on an ABI Prism 3730XL DNA Sequencer (Perkin-Elmer). A consensus sequence was computed from the forward and reverse sequences with SeqMan from the Lasergene package (DNASTAR). All sequences were assembled and aligned using MAFFT (Katoh et al., 2002) and manual adjustments for improvement were made by eye where necessary using Sequence Alignment Editor (version 2.0a11; Department of Zoology, University of Oxford, Oxford, UK).
The sequence data were analysed by Phylogenetic Analysis Using Parsimony (PAUP) v4.0b10 (Swofford, 2003) and the resulting trees were printed as described by Groenewald et al. (2008) . Maximum-parsimony analyses were performed using the heuristic search option with 1000 random taxon additions and the robustness of the trees was evaluated by 1000 bootstrap replications. Other measures calculated included tree length, consistency index, retention index and rescaled consistency index (TL, CI, RI and RC, respectively). Neighbour-joining analyses using different substitution models (HKY85, Kimura two-parameter and uncorrected 'p') were also executed. In all analyses, gaps were treated as either missing data or fifth character (new state) and large gaps were both included and excluded in different analyses. The sequences were deposited in GenBank (Table 1 ) and the alignments in TreeBASE (www.treebase.org).
Colony and cell morphology was determined after growth for three days at 25 uC on GPYA for all strains listed in Table 1 . Physiological characteristics were determined by using the API 32C system (bioMérieux) according to the manufacturer's instructions and assimilation of nitrogen compounds and fermentation of glucose were tested using the methods described by Yarrow (1998) for all strains listed in Table 2 . Data were retrieved after five days. Growth at 25, 30, 36 and 40 u C was determined by incubation on GPYA for seven days. All tests were replicated.
Ascospore production of all H. burtonii strains was reexamined using the tester mating types + (CBS 2352 T ) and " (CBS 2353). Five different media were tested, namely 2 and 4 % malt extract agar (Gams et al., 1998) , 5 % Difco malt extract, V8 and YM agars (Yarrow, 1998) . All cultures were grown alone or mixed with the tester strains.
Strains showing no mating reaction with the tester strains were mixed and examined for ascospore production. The cultures were incubated at 25 u C and inspected at 3-7 day intervals for two months.
Ascospore production
Of the five media tested, 2 % malt extract agar was found to be the most efficacious for optimal mating. Results of the mating tests are presented in Table 1 . Of the 17 strains identified as H. burtonii on the basis of having denticulate conidiogenous cells (Fig. 1a) , two isolates were found to be self-sporulating, seven showed mating reactions with the tester strain CBS 2352 T (+) and three reacted with tester strain CBS 2353 (2), all resulting in hat-shaped ascospores. Five strains, CBS 2455 T , CBS 5504, CBS 5510, CBS 11416 and CBS 11417, did not show any mating reaction with both tester strains. However, ascospores were observed in various crossing combinations of these strains. Two strains were of one mating type, designated +, and three isolates were of the opposite mating type, designated " (Table 1) . After three days of incubation, conjugation of yeast cells of opposite mating types was observed (Fig. 1b ) resulting in asci with 1-4 (mainly 1-2) rough, round to oval ascospores (Fig. 1c-f ). These ascospores differ from the observed and reported hat-shaped ascospores of H. burtonii and H. heimii, respectively.
Physiology
The physiological characters of CBS 2455 T , CBS 5504, CBS 5510, CBS 11416 and CBS 11417 are presented in Table 2 . The values for existing species did not deviate from published values and are therefore not presented. Growth studies showed that the true H. burtonii strains can grow at 36 uC, whereas those similar to strain CBS 2455 T are not able to grow at such a high temperature with growth only observed up to 30 u C.
Sequence comparison
The D1/D2 alignment (deposited in TreeBASE), containing 24 strains including the outgroup sequence, had a total length of 550 characters including alignment gaps, of which 38 were excluded, 266 were constant, 22 were parsimonyuninformative, and 224 were parsimony-informative. Parsimony analysis resulted in two equally most parsimonious trees, one of which is shown in Fig. 2 . The two trees obtained differ only with respect to the order of the three species Candida rhagii, C. pseudorhagii and H. heimii. A similar tree topology was found when the gaps were included in the analyses; however, neighbour-joining analyses on this alignment produced different tree topologies (data not shown) and will be discussed below. 
Phylogeny of Hyphopichia
The ITS alignment (deposited in TreeBASE), containing 22 strains including the outgroup sequence, had a total length of 554 characters including alignment gaps, of which 137 were excluded, 166 were constant, 52 were parsimonyuninformative, and 199 were parsimony-informative. Parsimony analysis resulted in a single most parsimonious tree ( Supplementary Fig. S1 , available in IJSEM Online) that had a similar topology to the trees obtained from the neighbour-joining analyses of the same alignment (data not shown). Previously H. burtonii was placed in the Hyphopichia clade together with H. heimii, C. fennica, C. rhagii, C. pseudorhagii, C. gotoi and C. homilentoma (Kurtzman, 2005) although there was no significant bootstrap support for this clade in that analysis (less than 50 %). From the data presented in Fig. 2 , it is clear that H. burtonii, H. heimii, C. fennica, C. rhagii, C. pseudorhagii and C. gotoi together with the newly described species are still clustering together to some extent. Although C. homilentoma clusters together with the species in the Hyphopichia clade using the D1/D2 neighbour-joining analyses (data not shown), all additional analyses done using the D1/D2 and ITS datasets exclude this species from the rest of the Hyphopichia sensu Kurtzman species. In addition, it is difficult to obtain a well-defined clade that contains only the species belonging to Hyphopichia sensu Kurtzman. By using different loci or even different types of analyses for the same locus, additional species that do not belong to Hyphopichia sensu Kurtzman cluster together with these species. The additional species, as well as their positions with respect to the Hyphopichia species within the trees, vary with each parameter change introduced into the analyses. For all of the ITS analyses, C. tanzawaensis and C. caryicola group together with the Hyphopichia species (Fig.  S1 ), whereas for the D1/D2 parsimony analysis, seven Candida species and Kodamaea ohmeri are included (Fig.  2) . The seven Candida species and Kodamaea ohmeri are split into three groups, one to be found inside (C. homilentoma) and two outside the Hyphopichia clade, using the neighbour-joining analysis (data not shown). The dissimilar tree topologies obtained clearly indicate that the Hyphopichia clade is not yet well resolved and analyses using additional loci or sister species (which are not yet known to science) are required. However, the four Candida species that belong to the Barnettozyma clade (Kurtzman et al., 2008) always clustered together, despite the type of analyses done or locus used. This illustrates that the two loci used during this study could be adequately used to place species within a genus that is closely related to Hyphopichia (Kurtzman & Robnett, 1997) . The rearrangement of the species within this Hyphopichia group can also be an indication that more genera are present within this clade. This genus and related species are on long branches at a basal position in the phylogenetic tree of Kurtzman & Robnett (1997) , indicating that these might indeed represent poorly sampled basal lineages. However, due to insufficient data currently available to prove this hypothesis, we propose that three phylogenetic groups should be recognized within the genus Hyphopichia.
Based on the phylogenetic data, strain CBS 2455 T , previously phenotypically identified as H. burtonii, represents a novel species of the genus Hyphopichia. Additional strains, CBS 5504, CBS 5510, CBS 11416 and CBS 11417, were found to have identical D1/D2 sequences to that of strain CBS 2455
T . The D1/D2 sequences of all the additional H. burtonii strains (Table 1) T that is deposited in GenBank as GU246252.
Taxonomy
It is evident that the Hyphopichia clade, previously defined by Kurtzman (2005) , can be divided into three groups and that Candida homilentoma, once placed in the Hyphopichia clade (Kurtzman, 2005) , still has to be linked to an acceptable teleomorphic genus. The Hyphopichia clade is not well supported and, in order to improve the taxonomy of this group, additional loci need to be analysed. Furthermore, the description of additional species belonging to this group will help to strengthen the affinity of the true species of the genus Hyphopichia with each other. In order to unravel the taxonomic relationships among described anamorphic taxa on a broader scale, additional isolates representing teleomorphic species need to be found. This will allow numerous anamorphic yeast species to be connected to teleomorphic genera or species. An additional heterothallic species, represented by strain CBS 2455 T , was found. Based on the evidence described above, a new species, Hyphopichia pseudoburtonii sp. nov. is described formally below and three groups are recognized within the genus Hyphopichia, with Hyphopichia Group 1 referring to species related to H. burtonii, Hyphopichia Group 2 referring to species related to H. pseudoburtonii and Hyphopichia Group 3 referring to species related to H. heimii. Species heterothallica, status ascigerus Candidae variabilis (Lindner) Berkhout. Post 3 dies 25 u C in agaro cum dextrose, peptono et extracto levedinis, conidia et cellulae gemmantes ovoidae, elongatae vel cylindricae, 2-462.5-6 (parce -11) mm. Culturae albae vel cremae, farinosae, butyrosae, corrugatae, margo integra vel lobata. Pseudohyphae et hyphae septatae. Conidia oriuntur ex hyphae denticulatae. Asci conjugatione duarum cellularum. Ascosporae globosae vel ellipsoidae, (parce) verrucosae. The species is the heterothallic, ascigerous state of Candida variabilis (Lindner) Berkhout. After 3 days at 25 u C on glucose-yeast extract-peptone agar, the conidia and yeast cells are oval, elongate to cylindrical and 2-462.5-6 (rarely up to 11) mm. The streak culture is white to creamcoloured, farinose, butyrous and wrinkled with an entire or lobate margin. Pseudohyphae and septate hyphae are formed. Conidia from hyphae may arise from denticles. Occasionally endospores are found (Fig. 1g) . Asci are formed by conjugating yeast cells. Ascospores are globose to ellipsoidal and rough. Fermentation and growth on various carbon and nitrogen compounds are presented in Table 2 .
Latin diagnosis of
The holotype of the species, a dried specimen of a sporulating culture of the two mating types CBS 2455 T 6CBS 5504, and the allotypes CBS 2455 T (5JCM 16346 T ) and CBS 5504 (5JCM 16347), as living strains, are present in the culture collection of the Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands.
Conclusion
From the phenotypic and phylogenetic studies, the following species with their synonyms are recognized (species listed in alphabetical order). 
